crease in the number of cadherin-positive synaptic sites has been observed during late-phase LTP (L-LTP) (Bozdagi et al., 2000). These observations are consistent with a role for cadherins in initiating and maintaining the Summary synaptic changes that occur during LTP. In contrast, another study found that LTP was enhanced in hippoActivity-induced changes in adhesion molecules may coordinate presynaptic and postsynaptic plasticity.
show that N-cadherin is associated with presynaptic and postsynaptic junctions and can be 1999). The all-or-none growth and retraction of synaptic connections is a straightforward mechanism for increasobserved on both sides of the cleft. The association of cadherin and ␤-catenin with synaping or decreasing the influence of one neuron on another. At the level of the individual synapse, however, tic complexes suggests a role for ␤-catenin in cadherindependent synaptic regulation. In other cellular systhere likely exists the capacity for growth or shrinkage of the synapse within the existing macroscopic structure tems, the subcellular localization of ␤-catenin is dynamically regulated by ligand-receptor interactions at the cell of the postsynaptic spine and the presynaptic nerve terminal. For example, the postsynaptic density (PSD) surface (Behrens et al., 1996; Molenaar et al., 1996) . We hypothesized that the localization of ␤-catenin at (Cohen et al., 1977), which is defined as the electrondense structure that contains neurotransmitter recepneuronal synapses is regulated by synaptic events. Following depolarization of hippocampal slices, we obtors, signaling, and scaffolding molecules and cytoskeletal elements, can be variable in size (Harris and served the accumulation of ␤-catenin at synaptic sites.
To explore the mechanisms of this redistribution, we Stevens, 1989a Stevens, , 1989b , as can the size or number of active zones found in the presynaptic terminal (Schikorexpressed an EGFP-␤-catenin fusion protein and visualized its activity-dependent dynamics in cultured hipposki and Stevens, 1999).
Activity-dependent changes at synapses are likely orcampal neurons. chestrated by cell adhesion molecules, which mediate synaptic connections and interact with the cytoskeleton Depolarization Causes an Increase in Synaptic (Murase and Schuman, 1999). The cadherins are a family
␤-Catenin in Hippocampal Slices
We compared the pattern of immunostaining for endogenous ␤-catenin in adjacent hippocampal slices briefly exposed to either normal ACSF (artificial cerebrospinal sity of ␤-catenin puncta that were synaptically localized ( Figures 1D and 1E ). Taken together, these results sugfluid) or a depolarizing solution containing a high concentration of KCl. We conducted a blind analysis of the gest that the depolarization induces an increase of ␤-catenin at synaptic sites by redistributing preexisting size and intensity of ␤-catenin-positive spots (puncta). Slices that were depolarized exhibited increased size molecules. and intensity of ␤-catenin-positive puncta when compared to control slices ( Figures 1A-1C) . The depolarizaDepolarization Causes a Redistribution of EGFP-␤-Catenin tion-induced increase in ␤-catenin fluorescence could result from new protein synthesis or a redistribution of In order to examine both the dynamics and molecular mechanisms of ␤-catenin's redistribution, we expressed dispersed ␤-catenin molecules that are below the detection threshold of our imaging system. The protein synan EGFP-␤-catenin fusion protein in cultured hippocampal neurons. EGFP-␤-catenin fluorescence signals were thesis inhibitor anisomycin decreased the total amount of ␤-catenin, but did not block the depolarizationpresent in the soma, dendrites, and spines of cultured hippocampal neurons ( Figure 2A) ; unlike the staining induced increase in synaptic ␤-catenin (mean area [m 2 ] and intensity [au], respectively, for control: 0.59 Ϯ 0.01, for endogenous ␤-catenin in slices, the EGFP-␤-catenin fusion protein was clearly present in dendritic shafts. 18.68 Ϯ 0.12; depolarized: 0.97 Ϯ 0.02, 21.32 Ϯ 0.14; p Յ 0.001]. Most (e.g., Ն75%) of the ␤-catenin puncta EGFP-␤-catenin signals were also often detected in the proximal axon but usually could not be observed at observed in control or stimulated slices colocalized with the synaptic marker PSD-95 (Cho et al., 1992) . By condistances greater than 100 m or so from the soma. A large percentage (82.5%) of all EGFP-␤-catenin-contrast, the ␤-catenin-positive puncta that overlapped with immunostaining for the glial fibrillary acidic protein taining spines were associated with synapsin-I labeling (DeCamilli et al., 1983) ( Figure 7E ). EGFP-␤-catenin sig-(GFAP) was very low (Յ1.3%). We next examined whether depolarization affects the synaptic population nals were also associated spots labeled by FM4-64 (Figure 8A ), a lipophilic, fluorescent dye taken up by active of ␤-catenin by restricting our analysis to those ␤-catenin spots that were overlapping with PSD-95 lapresynaptic terminals (Ryan et al., 1997). The overlap between the EGFP-␤-catenin signal and FM4-64 thus beling. Depolarization also increased the size and inten- indicates that the EGFP-␤-catenin-containing spines containing high KCl. Depolarization induced a significant increase in EGFP-␤-catenin fluorescence in spines have connections with active presynaptic terminals.
In the absence of exogenous stimulation, the distribuand a concomitant decrease in fluorescence in dendritic shaft regions ( Figures 2B and 2C) ; a control solution tion of ␤-catenin in neuronal spines and dendrites was relatively constant ( Figure 2B ). To determine whether exchange caused no change in EGFP-␤-catenin distribution. The redistribution of ␤-catenin was persistent, synaptic activity affects the distribution of ␤-catenin, we briefly depolarized neurons by an application of solution lasting at least 90 min following depolarization. We de- We next examined whether locally regulated ␤-catspines might be due to an increased affinity for cadherins. We thus determined whether depolarization changed enin degradation could contribute to the redistribution. ␤-catenin signaling is known to be regulated by the the interaction of ␤-catenin and cadherin molecules. Cadherins were immunoprecipitated (using a pan-cadhproteasome pathway (e. Figures 3C and 3D ). 3.1%; spine, 122.6% Ϯ 6.5%; shaft, 94.0% Ϯ 2.6%; n ϭ 3). In addition, a Western blot analysis revealed no
The increased association of cadherin and ␤-catenin was blocked by APV ( Figure 3D ), consistent with the significant difference in the amount of intact ␤-catenin, negative charge mimics the phosphorylated state) and of neurons with the Y654F-GFP virus had no effect on the spine localization of Y654F-␤-catenin (spine/shaft Y654F (Tyr-654 altered to Phe, which has the same aromatic group as Tyr, but cannot be phosphorylated), rearatio: control, 1.42 Ϯ 0.13; APV, 1.39 Ϯ 0.21), although we show in Figure 2 that all of the depolarization-induced soning that these mutations might serve as tools to examine the extreme cases of ␤-catenin localization.
redistribution of ␤-catenin is blocked by APV. This result indicates that while inhibiting the phosphorylation of We found that the manipulation of this single phosphorylation site produced dramatic changes in the spine/shaft Y654 is sufficient to drive ␤-catenin into dendritic spines, synaptic activity is not required for this effect. We then examined the effects of these point mutations on et al., 1996). As such, the translocation of ␤-catenin into spines may promote the local expansion of synaptic the depolarization-induced redistribution of EGFP-␤-catenin. In Y654E-expressing neurons, the redistribution contacts. To address this issue, we examined the morphological and electrophysiological properties of neuinduced by either KCl stimulation or genistein application was completely prevented (Figure 6 ). In Y654F-expressing ronal synapses expressing wild-type, Y654E-, and Y654F-␤-catenin. We first determined whether the denneurons, however, both depolarization and genistein resulted in a redistribution similar to that observed in the sity of dendritic spines was altered in either of the mutants: it was not; there was no significant difference in wild-type ( . We thus conducted a similar analysis of a presynaptic protein, sity of the PSD95 puncta, however, were altered by point mutations of ␤-catenin (Figures 7B and 7C) . In Y654F-synapsin-I, asking whether the size or intensity of synapsin-I-positive puncta are altered by the expression of expressing neurons, the size of the PSD-95 puncta was significantly larger than those of either the Y654E-or either ␤-catenin (Y654E or Y654F) mutant. We analyzed (blind) only the synapsin-I-positive puncta that were aswild-type ␤-catenin-expressing cells, which did not differ significantly from one another (Figures 7B and 7C ). In sociated with spines from a ␤-catenin-GFP-expressing neuron. Both the size and intensity of synapsin-I puncta addition, the intensity of the PSD-95-containing puncta was substantially lower in the Y654E-expressing neufrom Y654F mutants were significantly enhanced, relative to wild-type or Y654E-expressing cells ( Figures 7D  rons (Figures 7B and 7C) and slightly, but significantly, lower in the Y654F-expressing neurons. Thus, the Y654F and 7E). In contrast, the synapsin-I clusters in Y654E-expressing neurons were significantly smaller and less mutants possessed larger PSD-95 spots, whereas the Y654E mutants possessed PSD-95 puncta of the same intense than those observed in wild-type or Y654F-expressing cells (Figures 7D and 7E ). These data show size, but of lesser intensity. These data suggest that increasing or decreasing the concentration of ␤-catenin that increases in spine ␤-catenin are associated with increases in the size and intensity of synapsin-I clusters, in spines via a point mutation is sufficient to produce changes in the size and "density" of the PSD.
whereas decreases in spine ␤-catenin are associated Figures 8A-8C , we found that Axonal varicosities containing ␤-catenin-GFP were never observed in the vicinity of the neurons we anathe extent of FM4-64 labeling was well predicted by the relative abundance of ␤-catenin in spines: Y654F-lyzed. Therefore, these data suggest that the local con- expressing neurons were associated with the largest sin-I data, these experiments suggest that changes in ␤-catenin's localization in postsynaptic neurons can and most intense FM4-64 puncta, wild-type ␤-cateninexpressing neurons had smaller and less intense FM4-promote associated changes in presynaptic function. To further explore the functional consequences of 64 puncta, and Y654E-expressing neurons were associated with the smallest and least intense FM4-64 puncta.
␤-catenin localization, we recorded miniature excitatory postsynaptic currents (mEPSCs or minis) from neurons Taken together with the immunohistochemical synap-expressing wild-type ␤-catenin or either ␤-catenin point ␤-catenin from dendritic shafts to synapses. Inhibiting tyrosine phosphatase activity produced the opposite mutant ( Figures 8D-8F) . The frequency of mEPSCs repattern: ␤-catenin moved from spines into dendritic corded in Y654F-expressing neurons was greater than shafts. Moreover, inhibiting tyrosine phosphatase activthat of either the wild-type or Y654E-expressing neuity blocked the ␤-catenin redistribution induced by either rons, which did not differ significantly from one another depolarization or tyrosine kinase inhibition. These re- (Figures 8D and 8E) . In contrast, the amplitude of the sults strongly suggest that the depolarization-induced mEPSCs recorded from neurons expressing different ␤-catenin redistribution and increased association with versions of ␤-catenin did not differ between groups (Figcadherins are achieved by regulating tyrosine phosphorures 8D and 8F) . These results show that redistribution ylation. of ␤-catenin molecules, from dendritic shafts to spines, One prediction of this model is that one should be can also drive changes in synaptic strength. The inable to detect the basal tyrosine phosphorylation of crease in synaptic efficacy observed in Y654F-express-␤-catenin and that this phosphorylation should be deing neurons fits well with the increase in the size of both creased by neural activity. Unfortunately, our efforts to the PSD-95 and synapsin-I clusters observed in neurons test this prediction were unsuccessful because under expressing the same mutant. Given the less intense syncontrol conditions, Western blot analysis did not reveal apsin-1, PSD-95, and FM4-64 puncta in Y654E-expresstyrosine phosphorylation of endogenous ␤-catenin. We ing neurons, we were surprised that there was no reducbelieve this is a technical limitation that might be retion in minifrequency or amplitude detected. It may well solved with more sensitive reagents. We were able to be that there are changes, for example, in evoked synapdemonstrate that incubation with a Tyr phosphatase tic transmission that we do not address here. Alternainhibitor resulted in a detectable amount of tyrosinetively, the lack of reduction in synaptic transmission may phosphorylated ␤-catenin in hippocampal neurons (data indicate that synaptic strength at these connections is not shown), suggesting the presence of an endogenous already at the floor; further decreases might result in and constitutively active phosphorylation mechanism. the complete silencing or functional withdrawal of the Together with the point mutation experiments, our data synaptic connection.
suggest that neural activity enhances the affinity of ␤-catenin for cadherin by a mechanism that includes Discussion decreasing the phosphorylation level of ␤-catenin on tyrosine residue ( (Honjo et al., 2000) . These data suggest that the size and density of the PSD can be either increased or decreased by the phosphorylation state of ␤-catenin.
Changing the localization of ␤-catenin via a point mutation was also sufficient to drive changes in the synapsin-I pattern as well as the FM4-64 labeling in presynaptic terminals that make synapses onto the ␤-catenin-expressing neuron: the increased spine localization of ␤-catenin observed in Y654F-expressing neurons was accompanied by an increase in the size and intensity of associated synapsin-I-positive and FM4-64 clusters. Conversely, the decreased spine localization of ␤-catenin observed in Y654E-expressing neurons was accompanied by a decrease in the size and intensity of associated synapsin-I-positive and FM4-64 clusters (Figure 9) . The size and intensity of the synapsin-I-posi- The photobleaching of EGFP due to repeated imaging was ␤-catenin, a BamHI site was introduced immediately upstream of removed from the analysis by normalizing pixel values with a stanthe start codon by replacing the BamHI-StuI fragment with PCR dard photobleaching curve. To obtain this curve, 2 s images of the products (5Ј-GGGATCCTGGCAACCCAAGCTGAC-3Ј and 5Ј-GCG EGFP-␤-catenin signal from a neuron were made during continuous CTGCCGGAATCC-3Ј), and the BamHI-EcoRI fragment was subexposure to light, using the same filter set as that used during timecloned into BspEI-EcoRI sites of pEGFPC1 vector (Clontech) after lapse experiments. Then, the relative fluorescence intensity of the both BamHI and BspEI sites were blunted. This resulted in the same area was plotted by total exposure time. The data points following joint sequence: 5Ј-TCCGGGATCCTG-3Ј, corresponding to were fit by an exponential function, which yielded a half decay time Ser-Gly-Asp-Leu between EGFP and ␤-catenin. The NheI-ApaI fragcaused by photobleaching of T 1/2 ϭ 62 s. For the analysis of Western ment was then subcloned into the XbaI-ApaI sites of pSindRep5 blots, the mpv of each band was calculated using Image J after vector (Invitrogen). For EGFP-d49 ␤-catenin, a BamHI site was introthe image was scanned and imported to Adobe Photoshop. In the duced into the instant upstream of the codon for Gly-50 by replacing analysis of the Y654 mutants, the spine/shaft ratio of ␤-catenin the BamHI-StuI fragment with PCR product (5Ј-GGGATCCAAG distribution was calculated for each group, normalizing the data to GAAATCCTGAAGAG-3Ј and 5Ј-GCGCTGCCGGAATCC-3Ј), and the the ratio observed in neurons expressing wild-type EGFP-␤-catenin. BamHI-EcoRI fragment was subcloned into BamHI-BglII sites of Statistical significance was assessed using the Student's t test, with pRSETB vector (Invitrogen). The NheI-BglII fragment of pEGFP was paired or unpaired comparisons, as appropriate. then subcloned into the NheI-BamHI sites after the BspEI site of pEGFP was blunted and ligated. The resulting joint sequence was 5Ј-TCCGGCCGGACTCAGATCCAA-3Ј, corresponding to Ser-Gly-ArgImmunoprecipitation Hippocampal slices (300 m) from 5-to 6-week-old male SpragueThr-Gln-Ile-Gln between EGFP and d49 ␤-catenin. The NheI-EcoRI fragment was subcloned into XbaI-StuI site of the pSindRep5 vector Dawley rats were recovered at room temperature for 1.5 hr on filter paper placed over a tissue culture dish containing oxygenated artifiafter the EcoRI site was blunted. For EGFP-Y654E (and Y654F) ␤-catenins, the QuickChange site-directed mutagenesis kit (Stracial cerebral spinal fluid (ACSF) (119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 1.0 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , and tagene) was used. Point mutations were created from EGFP-␤-catenin using the following primers: 5Ј-GGTGGTGCAACAGAG 11.0 mM D-glucose). Then, the slices were incubated in either oxygenated ACSF or high-KCl-ACSF (same as ACSF except for 61.5 GCAGCTGCAGTG-3Ј and 5Ј-CACTGCAGCTGCCTCTGTTGCACC ACC-3Ј for Y654E, and 5Ј-GGTGGTGCAACATTTGCAGCTGCA mM NaCl and 60 mM KCl) for 30 min, then placed for 1.5 hr on filter paper for recovery. (For genistein, the slices were incubated for GTG-3Ј and 5Ј-CACTGCAGCTGCAAATGTTGCACCACC-3Ј for Y654F, where the mutated bases are indicated with italicized type. The 2 hr on filter paper over the oxygenated ACSF containing 50 M genistein). The slices were homogenized in 300 l of lysis buffer NheI-ApaI fragment was subcloned into the XbaI-ApaI sites of pSindRep5. The recombinants of sindbis virus were prepared using (150 mM NaCl, 1% NP-40, and 50 mM Tris-HCl [pH 8.0]) containing a protease inhibitor cocktail (Roche) on ice and centrifuged at 12,000 a sindbis virus system (Invitrogen). The plasmid was linearized by
